Folding of the Tetrahymena self-splicing RNA into its active conformation involves a set of discrete intermediate states. The Mg 2؉ -dependent equilibrium transition from the intermediates to the native structure is more cooperative than the formation of the intermediates from the unfolded states. We show that the degree of cooperativity is linked to the free energy of each transition and that the rate of the slow transition from the intermediates to the native state decreases exponentially with increasing Mg 2؉ concentration. Monovalent salts, which stabilize the folded RNA nonspecifically, induce states that fold in less than 30 s after Mg 2؉ is added to the RNA. A simple model is proposed that predicts the folding kinetics from the Mg 2؉ -dependent change in the relative stabilities of the intermediate and native states.
The diverse biological functions performed by RNA molecules in the cell require that they form complex three-dimensional structures (1) . A well studied example is the self-splicing intron, or ribozyme, from Tetrahymena thermophila rDNA (2) . Binding of Mg 2ϩ is required to stabilize the folded tertiary structure of the ribozyme and for catalytic activity (3) .
Despite recent progress in understanding RNA folding mechanisms (1, 4) , the Mg 2ϩ -dependent self-assembly of large structures remains a challenging problem. The thermodynamics and kinetics of folding transitions that are coupled to ion binding have been studied in detail for tRNA and other small RNAs (5) (6) (7) (8) (9) . These studies showed that condensation of the RNA chain is stabilized to a large extent by nonspecific electrostatic screening provided by delocalized, hydrated cations. However, a small number of ions bound in discrete high-affinity sites stabilize specific tertiary conformations (5, 7, 10, 11) . This stabilization is accomplished by direct interactions with ligands provided by the folded RNA (12, 13) . As a result, binding of Mg 2ϩ not only stabilizes the native conformation but also directs the pathway of self-assembly (10, 14) .
The complex structure of large RNAs suggests that the folding process is likely to involve multiple equilibrium states. Thermal unfolding of the Tetrahymena ribozyme involves at least two transitions (15) , and equilibrium and kinetic folding experiments in the presence of MgCl 2 revealed intermediates in which only the independently stable P4-P6 domain was folded (16) (17) (18) (19) (20) (21) . We have shown that urea-induced denaturation of the pre-RNA containing the Tetrahymena ribozyme involves at least three states (22) , as outlined in Scheme I.
The kinetic partitioning mechanism that we previously proposed (23) postulates that a fraction of the initially unfolded population reaches the native state on the time scale of seconds. This prediction is supported by recent experiments that probed the structure of the ribozyme on second time scales (21) . However, the majority of the population reaches the native state N via an intermediate I. Similarly, the equilibrium folding of RNase P RNA, another large catalytic RNA, is best described by a three-state transition, as detected by UV absorbance and CD spectroscopy (24) .
Here, we present a simplified framework for considering cooperative transitions in large RNAs and their effect on the Mg 2ϩ -dependent folding kinetics. By using the Tetrahymena self-splicing RNA as an example, we show that the cooperativity of the Mg 2ϩ -dependent I N N transition is determined by the relative stabilities of the I and N states at saturating Mg 2ϩ concentrations. The intermediate contains at least some nonnative interactions that must dissociate during the transition to the native structure (22, 25) . As a result, the increased stability of I at higher Mg 2ϩ concentrations leads to a decrease in the rate of folding.
MATERIALS AND METHODS
Preparation of RNA and Native Gel Electrophoresis. Uniformly 32 P-labeled Tetrahymena precursor RNA (657 nt) was transcribed from plasmid pSW012 as described (26) . Pre-RNA was annealed by heating at 95°C for 1 min in splicing buffer without MgCl 2 (50 mM Na Hepes/100 mM ammonium sulfate/ 1 mM EDTA, pH 7.5) followed by rapid cooling (Յ30 s) (27) in the presence of 0-10 mM MgCl 2 (25) . The same procedure was used to anneal samples in the presence of other salts. Glycerol (10% vol/vol) and xylene cyanol (0.1%) were added to samples immediately before loading on a native 6% polyacrylamide gel in 34 mM Tris/66 mM Hepes/0.1 mM EDTA/10 mM MgCl 2 (pH 7.5) at 10°C (28) . Folding experiments at 30°C were carried out by incubating pre-RNA samples for 2 hr in splicing buffer containing 0-10 mM MgCl 2 plus 10% glycerol and xylene cyanol. The fractions of N and I were determined by quantifying bands 1 and 4 relative to the total pre-RNA in each lane by using a PhosphorImager. The data were fit to ƒ
; where C is Mg 2ϩ concentration, C m␣ is the midpoint of the transition, and n is the Hill constant.
Determination of Folding Rates. Pre-RNA was incubated in splicing buffer containing 0-10 mM MgCl 2 at 30°C plus 10% (vol/vol) glycerol, as above. Aliquots were removed at specified times up to 120 min and loaded directly into the well of a native 6% polyacrylamide gel as described (22) . Unfolding rates were measured by annealing the pre-RNA at 95°C in 6 mM MgCl 2 and then diluting into splicing buffer at 30°C so that the final MgCl 2 concentration was 2-4.25 mM. The results described here and elsewhere (29) suggest that folding is arrested when the RNA enters the gel matrix. Folding during the time required for the RNA to enter the gel (15-30 s) was minimized by the low temperatures of the tank buffer (4°C) and gel (Ͻ10°C).
The rate equations for the mechanism in Scheme I have been described, and result in two kinetic phases (30). In the limit in which the two phases are well separated, the observed time constants approximate those of the individual pathways. The U-to-N pathway is faster than the smallest accessible times in our experiments, and is ignored in our analysis. The fraction of native or intermediate RNA (ƒ N or ƒ I ) was quantified as above. The fraction of N (ƒ N ) was fit to ƒ N (t) ϭ A N (1 Ϫ exp (Ϫk N t)), where A N is the amplitude of the folding transition. Below 4.5 mM MgCl 2 , the fraction of I was fit to ƒ I (t) ϭ ƒ I (0) Ϯ A I (1 Ϫ exp(Ϫk I t)), where A I is the amplitude of the slow transition and ƒ I (0) is the fraction of I at time zero. The upper sign holds below C m , and the lower above C m . Above 4.5 mM MgCl 2 , ƒ I was fit to ƒ I (t) ϭ ƒ I (0) ϩ A fast (1 Ϫ exp(Ϫk fast t)) ϩ A I (1 Ϫ exp(Ϫk I t)), where A fast is the residual amplitude of the fast transition and k fast Ϸ 2-10 min
Ϫ1
. Unfolding reactions were fit to a first-order rate equation.
RESULTS
Magnesium-Dependent Equilibrium Transitions of the Pre-RNA. To describe the role of cations in inducing conformational transitions in RNA, it is necessary to measure the degree of cooperativity in the two equilibrium transitions, namely, U N I and I N N. We monitored the fraction of fully folded and partially folded pre-RNA as a function of Mg 2ϩ concentration by using nondenaturing PAGE (29) . Unrenatured or denatured RNA migrated as a broad smear, suggesting that the initial population is conformationally heterogeneous (24) . Much of the RNA secondary structure is expected to be stable under these conditions (15) . On incubation in Mg 2ϩ -containing buffer or renaturation by heating to 95°C for 1 min and cooling in the presence of MgCl 2 (27) , the pre-RNA was converted to a mixture of an inactive intermediate (Fig. 1A , band 1) and the active or native form ( Fig. 1 A, band 4) .
Our earlier work suggested that band 1 of the native gel should be viewed as a collection of conformationally related intermediates (25) . Because the number of intermediate states is hard to estimate, we will treat the collection of species in band 1 as a class of nearly equivalent states and denote them as equilibrium intermediate I. Similarly, the ensemble of denatured structures will be considered to be the unfolded state. With these simplifications, the Mg 2ϩ -dependent equilibrium folding of the Tetrahymena pre-RNA can be described by a three-state model (Scheme I), consistent with previous work (17, 18, 22) .
To determine the Mg 2ϩ dependence of folding, the pre-RNA was renatured at 95°C in various concentrations of MgCl 2 (Fig. 1B) . At MgCl 2 concentrations Ͻ2.5 mM, the RNA was distributed between the U and I states. The fraction of I increased only slightly over this range, and a significant amount was formed even when no MgCl 2 was added to the sample. As the concentration of MgCl 2 was increased to 6 mM, the pre-RNA exhibited a cooperative transition to the native form, with a midpoint (C m ) of 4.1 mM MgCl 2 . In other experiments, pre-RNA was incubated in buffer containing MgCl 2 for 2 hr at 30°C (Fig. 1C) . The results were qualitatively similar as when the RNA was annealed at high temperatures, although the cooperativity was increased and the midpoint was lower (C m ϭ 3.4 mM) because of the presence of 10% glycerol in the samples during the incubation period (J.P., unpublished data). In all cases, very similar parameters were obtained from fits to ƒ N or ƒ I vs. Mg 2ϩ concentration. The maximum extent of folding was Ϸ80%, presumably because of residual misfolded states.
Cooperativity and Stability Are Linked. The Mg 2ϩ dependence of the folding equilibrium ( Fig. 1 ) was used to estimate the stabilities of I and N. The calculation of the free energies of formation of I and N is facilitated by introducing a quantitative measure that describes the extent to which the two equilibrium transitions (U N I and I N N) are cooperative. Consider the dimensionless quantity
where ƒ ␣ is the population of either I or N, C max is the concentration of Mg 2ϩ at which the derivative of ƒ ␣ with respect to C reaches a maximum,
ͪ is the value of the derivative at C ϭ C max , and ⌬C is the width of the curve at 1/2
The value of C max almost always coincides with the midpoint of the transition under consideration. For an infinitely sharp transition, ⍀ c tends to infinity, whereas for a noncooperative transition, ⍀ c approaches zero. Because the pre-RNA undergoes a three-state transition, Eq. 1 should be evaluated for the formation of both I and N. If the midpoints for forming I and N are well separated, then the values of ⍀ cI and ⍀ cN for the transitions U N I and I N N may be calculated independently. The measure of cooperativity in Eq. 1 is dimensionless, and hence one can compare the differences in the cooperativity of formation of I and N on an equal basis. As can be seen in Fig. 1, I N N is cooperative with respect to Mg 2ϩ , and we obtained a value of ⍀ cN ϭ 4.5 if the pre-RNA was annealed at 95°C or ⍀ cN ϭ 7.6 when incubated at 30°C.
By contrast, U N I appeared insensitive to changes in Mg 2ϩ concentration. In part, this is because of the fact that some of the RNA reaches the intermediate state during the 15-30 s required for the samples to enter the gel matrix (see below). Because the electrophoresis buffer contained 10 mM MgCl 2 , this prevented us from accurately determining the amount of I formed as a result of MgCl 2 added to the sample. The results of similar experiments with native gels containing 3 mM MgCl 2 and the mildly cooperative thermal unfolding of the pre-RNA in 2 mM MgCl 2 (J.P., unpublished data) suggest that U N I is somewhat dependent on Mg 2ϩ concentration, but much less cooperative than I N N. An estimate of the maximum value of the free energy of forming I and N can be obtained from the values of ⍀ cI and ⍀ cN , as follows. By treating the folding process of the pre-RNA as two separate two-state transitions, one can express the fraction of RNA in the I or N states as
where C is the Mg 2ϩ concentration, ⌬G ␤␣ is the free energy associated with the transition ␤ N ␣, and m Mg2ϩ gives a measure of the binding of the divalent cation. The linear variation of free energy with C is expected to hold around C m , the midpoint of the transition. It is clear from Eq. 2 that the transition ␤ N ␣ occurs over a broad range of Mg 2ϩ concentration if m Mg2ϩ is large. Thus, for a highly cooperative transition, we expect m Mg2ϩ to be relatively small. For two-state transitions one can show by substituting Eq. 2 into Eq. 1 that
with ␣ ϭ I or N. at discrete sites than the native state. If this hypothesis is true, structures resembling I should also result when folding is initiated by monovalent ions. Nonspecific association of monovalent and other divalent ions with the RNA is expected to promote condensation of the RNA, although much greater concentrations of monovalent ions are required to achieve a similar degree of charge stabilization in aqueous solution (31) . For example, Ϸ1 M NaCl is required to stabilize the secondary structure of the Tetrahymena ribozyme to the same extent as 5 mM MgCl 2 (32) .
Folding of the pre-RNA in the presence of Na ϩ or NH 4 ϩ was monitored by gel electrophoresis as before ( Fig. 2A) . When no MgCl 2 was added to the sample, 100-250 mM NaCl was sufficient to induce a band corresponding to the intermediate seen in Fig. 1 A. Similar results were obtained with (NH 4 ) 2 SO 4 , indicating that this effect is due primarily to increased ionic strength rather than to specific interactions with Na ϩ ions (Fig.  2 A) . Most of the pre-RNA migrated as the fully folded form (band 4) when annealed in 1 M NaCl and no Mg 2ϩ . The folded pre-RNA was active, because it was shifted to a band with a slightly lower mobility when incubated with GTP (data not shown). This GTP-dependent electrophoretic species contains a complex of spliced products and is indicative of self-splicing activity (29) . We confirmed that self-splicing requires Mg 2ϩ or Mn 2ϩ under the conditions of these experiments (data not shown). Therefore, the formation of active pre-RNA in these experiments must be because of the presence of Mg 2ϩ ions in the electrophoresis buffer.
To further assess the specific requirements for Mg 2ϩ during folding, similar experiments were carried out on native gels equilibrated in 10 mM CaCl 2 . Ca 2ϩ stabilizes the tertiary structure of the ribozyme but is not sufficient for catalysis (18, 33) . As illustrated in Fig. 2B , pre-RNA that was annealed in either 1 M NaCl or 6 mM CaCl 2 attained an electrophoretic mobility similar to that of the native state, although band 4 was slightly broadened. In gels containing CaCl 2 , however, active pre-RNA was only formed if the samples were incubated with 6 mM MgCl 2 for 30 s at 30°C before loading. Thus, a fraction of the ion-binding sites must be specifically occupied by Mg 2ϩ in the active state, consistent with previous work (33) . The minimum number of Mg 2ϩ ions bound in the I N N transition in 100 mM (NH 4 ) 2 SO 4 was estimated to be nine, from an analysis of the fraction of native pre-RNA using the Hill equation (Fig. 1B) . This value is nearly the same as that obtained when the formation of active ribozyme was monitored by photocrosslinking (17, 34) .
The results above show that nonspecific cation interactions stabilize the I and N states. Annealing in high concentrations of Na ϩ or NH 4 ϩ or low concentrations of Ca 2ϩ induce conformational states that are able to rapidly reach the active state, either during the time required for the RNA to enter the gel matrix (15-30 s) (Fig. 2 A) or after a 30-s incubation in 6 mM MgCl 2 at 30°C (Fig. 2B) . In early experiments, slower folding of tRNA at low ionic strength was attributed to the prevalence of extended, noncloverleaf secondary structures (6) . By analogy, nonspecific ionic interactions may alter the average structure of the unfolded pre-RNA population. The lower gel mobility of I suggests that it is less compact than N, and this is consistent with the fact that greater concentrations of monovalent salts are required to induce formation of N than are required for the formation of I.
Mg 2؉ Dependence of the Folding Kinetics. As the relative stabilities of I and N depend on Mg 2ϩ , the folding kinetics of the pre-RNA are also expected to vary with Mg 2ϩ concentration. Because the time scale of the direct conversion of U to N is shorter than the time required for samples to enter the native gel (15-30 s) , the present experiments only reveal the I N N transitions, which occur on the minute time scale. Nonetheless, because Ϸ90% of the RNA population folds via pathways that involve I, many aspects of the folding kinetics can be deduced from the experiments described here. In particular, the rugged energy landscapes arising from topological frustration are manifested in the complex slow kinetics (23) .
The populations of I and N were monitored as a function of time (Fig. 3A) as described (22) Assuming that rapid formation of I results from nonspecific ion binding, a theoretical estimate of the time scale for U N I can be made. The nonspecific compaction of chains is predicted to occur on the time scale NC Ϸ 0 N 2.2 , where N is the number of nucleotides (35) . The prefactor, 0 , which is a function of the viscosity and the persistence length of RNA, is on the order of 1 ns. For the pre-RNA, N ϭ 657, and this yields NC Ϸ 2 ms, which is considerably smaller than the deadtime of our assay. Pan and Sosnick have argued, by using spectroscopic probes, that the equilibrium intermediate in P RNA forms in less than Ϸ1 ms (24) .
A complete analysis of the folding kinetics according to triangle mechanism in Scheme I should include both the fast pathway that is associated with the direct U N N transition and the slow pathway involving I. Because the majority of molecules fold via intermediate states, and because I is initially formed rapidly compared with the time required to convert I to N, the appearance of N can be treated as arising from a two-state unimolecular process. With these assumptions, the time dependence of ƒ N (t) and ƒ I (t) were fit to single exponential equations (Fig. 3 B and C) . As shown in Fig. 4A , the yield of native pre-RNA (A N ) increased cooperatively with Mg 2ϩ concentration with a midpoint of 3.7 mM, in agreement with the equilibrium titration experiments (Fig. 1C) . showed that the rate of folding decreased monotonically with increasing Mg 2ϩ and became nearly constant when the concentration of the cation was increased beyond 8 mM (Fig. 4B) . This unexpected result can be rationalized by relating the barrier between I and the most probable transition state with the difference in the free energies of I and N. The simplest model for the variation in ⌬G IN is concentration. It follows from the free energy profile describing the unfolding of N to I that the minimum barrier between I and N is ⌬G ‡ Ն ͉⌬G max ͉ ϩ m Mg2ϩ C, so that
As a result, k 1 should decrease exponentially with increasing concentration of the divalent cation. A semilogarithmic fit to the experimentally determined values of k 1 from 3 to 4.5 mM MgCl 2 yielded m Mg2ϩ Ϸ 0.5 kcal⅐mol Ϫ1 ⅐mM
Ϫ1
at 30°C (Fig. 4B ), which is consistent (within a factor of 2) with the estimate from the thermodynamic measurements. Thus, the general outlines of the Mg 2ϩ -dependent folding kinetics follow from the thermodynamics of this three-state model.
It is interesting to compare the distinct roles played by Mg 2ϩ in the conversion of I to N. We and others have demonstrated that urea accelerates the folding rates of large RNA (22, 24, 36) . This result may be understood by supposing that the denaturant does not interact significantly with N but destabilizes the I states (22, 37) , leading to the observed increase in rate. In contrast, Mg 2ϩ affects both the I and the N states, and the decrease in the folding rate is caused by the effects of the divalent cation on the relative stabilities of N and I. Thus, urea and Mg 2ϩ interact very differently with the I states and the native state. These arguments suggest that urea should be most effective under conditions when the concentration of Mg 2ϩ is chosen so that N state is more stable than I. In other words, the rate enhancement by urea is greater when [Mg 2ϩ ] Ͼ C m than when [Mg 2ϩ ] Ͻ C m . This prediction is consistent with the experiments on the Tetrahymena ribozyme (38) and RNase P RNA (24) , which showed that at a fixed concentration of Mg 2ϩ (ϾC m ), the maximum rate of folding was found at the highest urea concentration.
CONCLUSION
The Mg 2ϩ -induced equilibrium transitions to the functional state of the Tetrahymena pre-RNA reveal the presence of a stable set of discrete intermediates. We have shown that the transition from I to N is considerably more cooperative than the formation of I from unfolded states, and the degree of cooperativity is found to directly depend on the free energy of the transition. Similar results were obtained by analyzing the data on folding of apomyoglobin after dilution of urea (39) , in which it was found that I N N was considerably more cooperative than U N I (40) .
We find that the rate of conversion from I to N decreases monotonically with increasing Mg 2ϩ concentration. By contrast, nonspecific ion interactions appear to increase the folding rate of the RNA, presumably by altering the average conformation of the U states. The first result is explained by a model that describes the changes in the underlying energy landscape in terms of the dependence of the relative stabilities of I and N on the concentration of the divalent cation (Fig. 5) . can be semiquantitatively predicted from the parameter m Mg2ϩ , which describes the response of I and N to Mg 2ϩ concentration. Consistent with this model, we find that the unfolding rate, which corresponds directly to the stability of N, varies slightly more strongly with Mg 2ϩ concentration than the rate of folding (m Mg2ϩ Ϸ 1.2). Thus, the relative stabilities of each conformational state not only determine the degree of cooperativity of folding, but also dictate the complex kinetics of the assembly of the native RNA structure.
